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Dimensional analysisIn this study a theoretical model is presented for the investigation of the damage severity on the rollers in
rolling bearings using theory of dimensional analysis. The functional form of the developed model is first
tested by carrying out the laboratory experiments. Effect of various parameters such as spall size, radial
load, rotor unbalance, axial load, inner race speed, grease grade, radial clearance, number of rollers etc. on
the vibration acceleration amplitude of the bearings is investigated. For the purpose of analysis, the bear-
ing is artificially damaged with spalls of different sizes. Vibration acceleration amplitude is used as an
output parameter for the characterization of the levels of damages on the defective roller. A strong cor-
relation is observed between the selected parameters and the vibration acceleration values.
Experimentally it is observed that the peak vibration acceleration at the characteristic defect frequency
increases considerably with increase in the spall sizes. It is shown that the developed model can be used
as a preliminary damage diagnostic tool for the preventive maintenance of the roller bearings.
 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction The detection of bearing defects is of prime importance as far asThe inner race, outer race, rollers and cage are the major com-
ponents of rolling contact bearings. The interaction of these com-
ponents with each other generates the vibrations even if the
bearing is new or undamaged. These vibrations arise due to the
transient compliance of the bearing assembly and takes place at
the frequencies known to be varying compliance frequencies.
These vibrations are occurring at lower vibration amplitude levels.
But, whenever it is noticed that the bearing is vibrating at higher
amplitude levels other than these frequencies, it is clearly indicat-
ing that the wear or damage to the bearing components has started
[1–3]. Hence, vibration spectrum is inspected for amplitudes of fre-
quencies other than these fundamental frequencies for detection of
damage or wear of bearing components [4]. These defects induce
excessive contact stresses in the bearing components causing their
premature failure due to fatigue. Other than this, the impurities
like water and foreign particles admitted in the lubricants because
of poor handling or during service can cause corrosion and wear of
bearing races as well as the rollers and ultimately can lead to pre-
mature failure of these bearing components [5–6].the safe working of machineries supported by them is concerned
and is an important area of research. Some of the important
approaches available in the literature are discussed in this section.
Ghafari et al. [7] formulated mathematical model that predicted
the chaotic vibration behavior of rolling element bearings due to
presence of localized faults.
Rafsanjani et al. [8] proposed analytical model to study the non-
linear dynamic behavior of rolling element bearing systems includ-
ing surface defects. Various surface defects due to local
imperfections on raceways and rolling elements were introduced
to the proposed model. The contact force of each rolling element
described according to nonlinear Hertzian contact deformation
and the effect of internal radial clearance has been taken into
account. Kolodziejczyk et al. [9] developed a new fretting wear
identification technique based on the neural networks. They eval-
uated the effect of various parameters on the fretting wear damage
of the ball bearings through developed neural network model. Har-
vey et al. [10], applied electrostatic monitoring system for the anal-
ysis of wear in the taper roller bearings. They experimentally found
that the developed method can predict the presence of bearing
damages before complete seizure of the bearing assembly. The
analysis was performed on the bearing with seeded inner race
damages. Raadnui and Kleesuwan [11], analyzed wear of a grease
lubricated rolling contact bearings caused by electric pitting. Effect
of various parameters such as load, current and the duration of the
test time on the wear has analyzed using design of experiments.
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data to detect the damaged spherical roller bearings of fibrizer.
Choudhury and Tandon [13] developed a theoretical model to
obtain the vibration response due to a localized defect in various
bearing elements in a rotor-bearing system under radial load con-
ditions; the rotor-bearing system has been modeled as a three
degrees-of-freedom system. The model predicted significant fre-
quency components and their harmonics at characteristic defect
frequency. Sopanen and Mikkola [14] proposed a dynamic model
of deep groove ball bearings with six degrees of freedom. Waviness
and localized surface defects on the raceways are considered in the
model. The model is analyzed in the software package (MSC.
ADAMS) and the results of simulation are compared with the
experimental results available in the literature. They found that
the diametral clearance affects the vibration level and the natural
frequencies and concluded that the localized defects produces
vibrations at the bearing defect frequencies [15]. Yang et al. [16]
presented a new approach for pattern recognition named as vari-
able predictive model based class discriminate (VPMCD), for the
detection of faults in rolling contact bearings operating under vari-
able speed condition. The operation time of VPMCD was found to
be lesser as compared to the other pattern recognition tools such
as neural networks and support vector machines. Cakmak and San-
liturk [17] analyzed rotor-ball bearing system to be a multi-body
system approach using MSC ADAMS software package. The contact
dynamics modelling was done using Hertzian contact theory and
the effect of diametral clearance, localized defects taken into con-
sideration. The model is validated using experimental data
obtained in the form of Campbell diagrams and the frequency
spectrums.
In this paper [18], a shaft-bearing model developed in order to
investigate the rolling element vibrations for an angular contact
ball bearing with and without defects. Cao et al. [19] developed a
dynamic model of double-row spherical roller bearing to reveal
the impacts of surface waviness, radial clearance, surface defects,
and loading conditions on the force and displacement responses.
A dynamic model reported here [20] for the study of vibrations
of deep groove ball bearings having single and multiple defects
on surfaces of inner and outer races. Multi-body dynamics of
healthy and faulty rolling element bearings were modeled using
a new approach based on vector bond graphs [21]. Ling and Aijun
[22] extracted the fault feature based on the intrinsic mode func-
tion of envelope spectrumwhose kurtosis is the maximum and dif-
ferentiated fault patterns of roller bearings effectively. Sakthivel
et al. [23] applied dimensionality reduction technique for detection
of faulty components such as bearing, impeller, and seal of a mono
block centrifugal pump. Condition monitoring using vibration
analysis carried out to extract the fault related statistical features.
Thereafter, these features are transformed using dimensionality
reduction and classified using decision tree, Bayes Net and naïve
Bayes classifiers. Muralidharan et al. [24] successfully applied sup-
port vector machine classifier to differentiate the defect related
vibration features of different components of centrifugal pump.
A significant amount of research is carried out on the detection
of ball bearing defects whereas a small amount of research is done
on the defective rollers in roller bearings in the published literature
so far. The Authors did not found a mathematical model consider-
ing FLT system of dimensional analysis for the detection of local-
ized faults on rollers. So addressing this important issue, we
established a procedure for development of an in-situ empirical
model for prediction of the vibration amplitude of the damaged
rollers in rolling contact bearings which is extension work of our
previously published paper [25].
The main objective of the paper is to put forth a theoretical
model based on matrix method of dimensional analysis and exam-
ine the effect of various parameters such as defect size, shaft speed,radial load, axial load, shaft unbalance, grease properties, number
of rollers on the amplitude of vibration. The writing in the manu-
script is organized as: Section 2 discusses the theoretical modelling
to put forth a functional relationship between the vibration accel-
eration amplitude and the selected parameters. Section 3 intro-
duces the plan of experimentation. In Section 4, experimental
and numerical results are discussed. A model validation is pre-
sented in Section 5. Important conclusions of this work are sum-
marized in Section 6.
2. Theoretical model
For the present work, the mathematical expressions for the
vibrations due to interaction of the rolling components of the bear-
ings is developed using theory of the dimensional analysis [26]. We
particularly considered here the interaction of the damaged roller
with the inner and outer race of the bearing and developed empir-
ical model equation that correlates the level of damage on the roll-
ers with the vibration acceleration amplitude.
2.1. Assumptions in the modeling
For simplification of the analysis, we made following assump-
tions before development of the mathematical model.
i. It is assumed that the inner race is rotating and outer race is
stationary.
ii. Damping is taking place due to the viscosity of the lubricant
and damping due to the material elasticity is neglected.
iii. In the analysis it is assumed that bearings are made of steel
having equivalent Young’s modulus, 220 GPa and the den-
sity 7800 kg/m3.
iv. Rate of wear for different spall shapes of same sizes is
assumed to be same.
v. Slippage/skidding of rollers is neglected.
For the analysis, let us assume that there is functional depen-
dence of vibration acceleration amplitude and various parameters
of the bearings listed in Table 1 as,
€x ¼ f ðd;D;B;d1;dr ;Z;mi;mo;ms;mr; L;a; E;q;K; d; FH;C;D; rc;N;
W; Fa;Mu; m; f FTF ; f VCF ; f RDF ; Þ ð1Þ
The function, f in Eq. (1) represents the in-situ empirical rela-
tionship between vibration acceleration amplitude and the various
parameters inside the bracket which now will be developed using
matrix method of dimensional analysis [25,27]. The total number
of variables involved in Eq. (1) are 29. As there are three fundamen-
tal dimensions force (F), length (L), and time (T) as listed in Table 1,
the number of repeating variables will be three [28]. For modeling,
let us choose the pitch circle diameter ðd1Þ, speed ðNÞ and radial
load ðWÞ as three repeating variables amongst these. Writing the
dimensional matrix of the repeated variables inðFLThÞ system of
dimensions as,
½R ¼
R11 R12 R13
R21 R22 R23
R31 R32 R33
2
64
3
75
F
L
T
ð2Þ
After substitution of dimensions from Table 1,
½R ¼
d1 N W
0 0 1
1 0 0
0 1 0
2
64
3
75
F
L
T
ð3Þ
Table 1
Bearing parameters with dimensions and units.
Parameter, symbol (unit) Dimension
Inner race diameter, d (mm) L
Outer race diameter, D (mm) L
Bearing width, B (mm) L
Pitch diameter, d1 (mm) L
Roller diameter, dr (mm) L
No. of Rollers, Z –
Mass of inner race, mi (kg) F1 L1 T2
Mass of outer race, mo (kg) F1 L1 T2
Mass of shaft, ms (kg) F1 L1 T2
Mass of rolling elements, mr (kg) F1 L1 T2
Length of roller, L (mm) L
Contact angle, a (degrees) –
Modulus of elasticity, E (N/m2) F1 L2
Material density, q (kg/m3) F1 L4 T2
Constant for contact deformation, K (N/mm1.11) F1 L1.11
Bearing deflection, d (mm) L
Hertzian contact Force, FH (N) F
Damping coefficient, C (N-s/mm) F1 L1 T1
Defect size parameter, D (mm) L
Radial clearance, rc (lm) L
Speed of shaft, N (rpm) T1
Radial load, W (N) F
Axial load, Fa (N) F
Unbalance, Mu (gm) F1 L1 T2
Lubricant viscosity, m (mm2/s) L2 T1
Cage frequency, fFTF (Hz) T1
Varying compliance frequency, fVCF (Hz) T1
Roller defect frequency, fRDF (Hz) T1
Vibration acceleration, €x (m/s2) LT2
Table 2
Dimensionless variables.
Pterms Pterms Pterms
Pd ¼ dd1 PL ¼
L
d1
Prc ¼ rcd1
PD ¼ Dd1 Pa ¼ a PFa ¼ FaW
PB ¼ Bd1 PE ¼ Ed
2
1
W
PMu ¼ Mud1N
2
W
Pdr ¼ drd1 Pq ¼ qN
2d41
W
Pm ¼ md21N
PZ ¼ Z PK ¼ Kd
1:11
1
W
Pf FTF ¼ f FTFN
Pmi ¼ mid1N
2
W
Pd ¼ dd1 Pf VCF ¼ f VCFN
Pmo ¼ mod1N
2
W
PFH ¼ FHW Pf RDF ¼ f RDFN
Pms ¼ msd1N
2
W
PC ¼ CNd1W P€x ¼ €xd1N2
Pmr ¼ mrd1N
2
W
PD ¼ Dd1
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unrepeated variables. Writing the matrix of unrepeated variables,
½R ¼
d D : : €x
U11 U12 : : U1n
U21 U22 : : U2n
U31 U32 : : U3n
2
64
3
75
F
L
T
ð4Þ
Now, as per the matrix method of dimensional analysis, the
dimensionless relation for the non-repeated variables can be
obtained as,
Un
RC1n1 R
C2n
2 R
C3n
3
¼ F0L0T0 ¼ ðpnÞ ð5Þ
Un in above equation stands for the unrepeated variables to be
substituted from Eq. (4) and R1,R2,R3 stands for the repeating vari-
ables which are to be substituted from Eq. (3). Hence Eq. (5)
becomes,
ðF0L1T0Þ
ðFR11LR21TR31 ÞC1nðFR12LR22TR32 ÞC2nðFR13LR23TR33 ÞC3n
¼ ðpnÞ ð6Þ
In Eq. (6), C1n, C2n, and C3n are the unknowns which are to be
obtained by representing the above equation as a system of linear
equations as,
R11C1n þ R12C2n þ R13C3n ¼ U1n
R21C1n þ R22C2n þ R23C3n ¼ U2n
R31C1n þ R32C2n þ R33C3n ¼ U3n
ð7Þ
Writing the above set of Eq. (7) in matrix form as;
R11 R12 R13
R21 R22 R23
R31 R32 R33
2
64
3
75
C1n
C2n
C3n
8><
>:
9>=
>; ¼
U1n
U2n
U3n
8><
>:
9>=
>; ð8Þ
Eq. (8) again can be written as,
½R½C ¼ ½U ð9ÞThe matrix ½C can be obtained by matrix inversion. By repeating
the procedure for all nonrepeating variables, a set of dimensionless
groups are obtained and are listed in Table 2.
Therefore, Eq. (1) can be written in its non-dimensional form as,
P€x ¼ f
Pd;PD;PB;Pdr ;PZ ;Pmi ;Pmo ;Pms ;Pmr ;
PL;Pa;PE;Pq;PK ;Pd;PFH ;PC ;PD;Prc ;
PFa ;PMu ;Pm;Pf FTF ;Pf VCF ;Pf RDF
0
B@
1
CA ð10Þ2.2. Reduced order model
Till there are few variables required to be eliminated and they
can further be reduced by performing the following operations
[28] and are listed in Table 3. Therefore, the Eq. (10) gets simplified
as,
p€x ¼ f ðP1;P2;P3;P4;P5;P6;P7;P8;P9;Pa;PFa ;PMu ;Pf RDF Þ
ð11Þ
Let,
W ¼ ðP1;P2;P3;P4;P8;P9;Pa;Pf RDF Þ
Now, Eq. (11) is further simplified as,
p€x ¼ f ðW;P5;P6;P7;PMu ;PFa Þ ð12Þ
The function W contains several constant bearing parameters
and the change in W will be due to the corresponding change in
these set of variables. Now, after substituting the dimensionless
variables from Table 2 and 3 in Eq. (12) and rearranging the terms
we can write,
€x
d1N
2 ¼ f W;
D
drZ
;
Mud1N
2
W
;
Fa
W
;
qN2rcB
E
;
Wd0:891 N
Km
 !
ð13Þ
Eq. (13) represents the reduced order model of Eq. (1) that
defines the acceleration amplitude of the defective roller vibration.
The relationship in Eq. (13) can be expressed in power-law form
as [28],
€x
d1N
2 ¼ W ðP5Þ
a1  ðPMuÞa2  ðPFa Þa3  ðP6Þa4  ðP7Þa5 ð14Þ
In above equation W; a1; a2; a3; a4; a5 are the unknowns which
are to be obtained by multiple factorial regression using least
square method as briefed in Ref. [29]. Now, in order to obtain the
unknowns take log on both sides of Eq. (14) and let us assume that,
logðP€xÞ ¼ y logðWÞ ¼ a0 logðP5Þ ¼ x1
logðPMuÞ ¼ x2 logðPFaÞ ¼ x3 logðP6Þ ¼ x4
logðP7Þ ¼ x5
Hence, Eq. (14) can be written as,
Table 3
Simplified dimensionless variables.
Psimplified Psimplified Psimplified
P1 ¼ PDPd P2 ¼
Pmi
Pmo
P3 ¼ PmsPmr
P4 ¼ PdPL P5 ¼
PD
Pdr PZ P6 ¼
PqPrc PB
PE
P7 ¼ 1PKPm P8 ¼ PfVCFPfRDF P9 ¼
PFH
PC
Fig. 1. Test rig (a) schematic. (b) pictorial diagram.
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If ‘n’ experiments are to be executed to obtain these unknowns,
then the results of all experiments can be summed up as,
Xn
i¼1
yi ¼ na0 þ a1
Xn
i¼1
xi1 þ a2
Xn
i¼1
xi2 þ a3
Xn
i¼1
xi3 þ a4
Xn
i¼1
xi4 þ a5
Xn
i¼1
xi5
ð16Þ
As here there are six unknowns to be determined, we require
six equations to be developed. The other equations are established
by separate multiplication of xi1, xi2, xi3, xi4; xi5 with Eq. (16) as,
Xn
i¼1
yixi1 ¼ na0
Xn
i¼1
xi1 þ a1
Xn
i¼1
xi1xi1 þ a2
Xn
i¼1
xi2xi1 þ a3
Xn
i¼1
xi3xi1
þ a4
Xn
i¼1
xi4xi1 þ a5
Xn
i¼1
xi5xi1 ð17Þ
Xn
i¼1
yixi2 ¼ na0
Xn
i¼1
xi2 þ a1
Xn
i¼1
xi1xi2 þ a2
Xn
i¼1
xi2xi2 þ a3
Xn
i¼1
xi3xi2
þ a4
Xn
i¼1
xi4xi2 þ a5
Xn
i¼1
xi5xi2 ð18Þ
Xn
i¼1
yixi3 ¼ na0
Xn
i¼1
xi3 þ a1
Xn
i¼1
xi1xi3 þ a2
Xn
i¼1
xi2xi3 þ a3
Xn
i¼1
xi3xi3
þ a4
Xn
i¼1
xi4xi3 þ a5
Xn
i¼1
xi5xi3 ð19Þ
Xn
i¼1
yixi4 ¼ na0
Xn
i¼1
xi4 þ a1
Xn
i¼1
xi1xi4 þ a2
Xn
i¼1
xi2xi4 þ a3
Xn
i¼1
xi3xi4
þ a4
Xn
i¼1
xi4xi4 þ a5
Xn
i¼1
xi5xi4
Xn
i¼1
yixi5 ¼ na0
Xn
i¼1
xi5 þ a1
Xn
i¼1
xi1xi5 þ a2
Xn
i¼1
xi2xi5 þ a3
Xn
i¼1
xi3xi5
þ a4
Xn
i¼1
xi4xi5 þ a5
Xn
i¼1
xi5xi5 ð20Þ
Eqs. (16)–(20) are simultaneously solved for the unknowns.
After substitution of unknowns in Eq. (14), represents the model
for prediction of the vibration acceleration amplitude of the defec-
tive roller in rolling contact bearings.
3. Experimentation
To verify the functional form of the developed model Eq. (13),
we conducted experiments on the test setup shown in Fig. 1. The
rotor is supported by rolling contact bearings at both the ends.
At the drive end self-aligning spherical roller bearing is fitted. At
the non-drive end, test bearings are fitted having seeded defects
on rollers. The rotor is driven at multiple speed by coupling it to
a DC motor using flexible coupling. Motor current frequency con-
troller was used to obtain the different rotor speeds. The testbearings are the SKF 30205J2/Q (Z = 17), SKF 30305C (Z = 14), SKF
32205BJ2/Q (Z = 18) taper roller bearings. For the measurement
of vibration acceleration of the roller damaged bearings, piezo-
electric accelerometer (Adash-AC102-1A) with a sensitivity of
100 mV/g is used. The accelerometer is mounted on the housing
of the test bearings in vertical direction to capture radial vibration
signatures of the test bearings [30]. From the various parameters
involved in theoretical model (13), it is assumed that the vibration
acceleration depends upon, defect size, shaft speed, radial load,
axial load, shaft unbalance, viscosity of the lubricating oil in the
grease, radial clearance, number of rollers etc. With the selected
parameters, experiments are performed on the test setup and
vibration acceleration amplitude is measured in each experiment.
A set of 27 experiments using Taguchi’s L27 array was performed
and each experiment simply repeated three times to avoid bias if
any in the measured values of the acceleration. The parameters
and their levels during experimental run are listed in Table 4.4. Results and discussion
4.1. Analysis of variance (ANNOVA)
The vibration acceleration amplitude values obtained from the
test bearings for 27 experiments are summarized in Table 5. To fur-
ther decide the most significant factors amongst these analysis of
variance (ANOVA) is performed on the experimental data listed
in Table 5. In ANOVA Table 6, P-value less than 0.05 is indication
of the significance of the factor and as P-value nearer to zero, indi-
cates that this is the most significant factor that affects the
response [31].
The F-test for significance of the factors produced an F-value of
170.09 for Speed (N), 65.84 for defect size (D), 14.63 for unbalance
(Mu), 5.17 for axial load (Fa), 4.62 for number of rollers (Z), 3.41 for
Table 4
Parameter setting for experimental runs.
Parameters Levels
L1 L2 L3
Defect size (D) 1 1.5 2
Speed (N) 900 1100 1300
Radial load (W) 1000 2000 3000
Axial load (Fa) 500 750 1000
Unbalance (Mu) 25 50 75
Viscosity (m) 96 120 185
Radial clearance (rc) 13.5 14 18.5
No. of rollers (Z) 14 17 18
Table 6
ANOVA for experimental data.
Source DF SS MS F P
D 2 0.067848 0.033924 65.84 0.000s
N 2 0.175288 0.087644 170.09 0.000s
W 2 0.003513 0.001756 3.41 0.074
Fa 2 0.005331 0.002665 5.17 0.029s
Mu 2 0.015078 0.007539 14.63 0.001s
v 2 0.000058 0.000029 0.06 0.946
rc 2 0.000762 0.000381 0.74 0.502
Z 2 0.004760 0.002380 4.62 0.038s
Error 10 0.005153 0.000515
Total 26 0.277791
R2 = 98.15% R2 (adj) = 95.18%
s Significant.
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respectively, 0.001 for Mu, 0.029 for Fa, 0.038 for Z, and 0.074 for
W in their descending orders indicating no chance that an
F-value that large could arise from noise in the data. Based on this
‘F’ and P-test, it is noticed that the N, D andMu are the most signif-
icant parameters affecting the vibration amplitude levels and next
to these are the Fa and Z.
4.2. Effect of different parameters on vibration amplitude
4.2.1. Effect of rotor speed on vibration amplitude
Theshaftspeed(N)variedfrom900 rpmNto1300 rpminthesteps
of 200 rpm. The values of the other parameters which are kept con-
stant and are given as defect size (D = 1.5), radial load (W = 2000 N),
axial load (Fa = 750 N), unbalance (Mu = 50 g), grease grade
(m = 120 mm2/s), number of rollers (Z = 17), radial clearance
(rc = 13.5 lm). Fig. 2(a) shows the scatter plots of speed versus
response characteristics. It is seen from the graph that, the level of
vibration increases with the increase in the shaft speed. Hence, it is
appropriate to haveN term in the numerator of the p6 term as in the
model Eq. (13). These findings are in agreementwith Ref. [32–38].
4.2.2. Effect of spall size on vibration amplitude
The roller defect size is varied from 0.5 mm to 2 mm in the steps
of 0.5 mm. The values of the other parameters which are keptTable 5
Experiment design sheet for defective bearings using Taguchi’s L27 design.
Trial Defect size
(D)
Speed
(N)
Radial load
(W)
Axial load
(Fa)
Unbalance
(Mu)
1 1.0 900 3000 1000 25
2 1.0 900 3000 1000 50
3 1.0 900 3000 1000 75
4 1.0 1100 2000 750 25
5 1.0 1100 2000 750 50
6 1.0 1100 2000 750 75
7 1.0 1300 1000 500 25
8 1.0 1300 1000 500 50
9 1.0 1300 1000 500 75
10 1.5 900 2000 500 25
11 1.5 900 2000 500 50
12 1.5 900 2000 500 75
13 1.5 1100 1000 1000 25
14 1.5 1100 1000 1000 50
15 1.5 1100 1000 1000 75
16 1.5 1300 3000 750 25
17 1.5 1300 3000 750 50
18 1.5 1300 3000 750 75
19 2.0 900 1000 750 25
20 2.0 900 1000 750 50
21 2.0 900 1000 750 75
22 2.0 1100 3000 500 25
23 2.0 1100 3000 500 50
24 2.0 1100 3000 500 75
25 2.0 1300 2000 1000 25
26 2.0 1300 2000 1000 50
27 2.0 1300 2000 1000 75constant are given as radial load (W = 2000 N), axial load
(Fa = 750 N), shaft speed (N = 1100 rpm), unbalance (Mu = 50 g),
grease grade (m = 120 mm2/s), Number of rollers (Z = 17), Radial
clearance (rc = 13.5 lm). Fig. 2(b) shows the scatter plots of roller
defect size versus response characteristics. It is seen from the
graph that, the level of vibration increases with the increase in
the level of damages on rollers. Hence, it is appropriate to have
D term in the numerator of the p5 term as in the model Eq. (13).
These findings are in agreement with Ref. [39–45].4.2.3. Effect of rotor unbalance on vibration amplitude
The unbalance (Mu) is varied from 25 g to 75 g in the steps of
25 g by attaching different masses to the balance disc.
The values of the other parameters which are kept constant are
given as defect size (D = 1.5), radial load (W = 2000 N), axial load
(Fa = 750 N), shaft speed (N = 1100 rpm), grease grade
(m = 120 mm2/s), number of rollers (Z = 17), radial clearance
(rc = 13.5 lm). Fig. 2(c) shows the scatter plots of unbalance versus
response characteristics. It is seen from the graph that, the level of
vibration increases with the increase in the unbalance. Hence, it is
appropriate to haveMu term in the numerator of the pMu term as inViscosity
(m)
Radial clearance
(rc)
No. of rollers (Z) Vibration Amplitude,
m/s2
96 18.5 14 0.303
120 13.5 17 0.260
185 14 18 0.327
96 13.5 17 0.300
120 14 18 0.370
185 18.5 14 0.425
96 14 18 0.439
120 18.5 14 0.435
185 13.5 17 0.470
120 18.5 14 0.314
185 13.5 17 0.326
96 14 18 0.375
120 13.5 17 0.393
185 14 18 0.418
96 18.5 14 0.475
120 14 18 0.540
185 18.5 14 0.508
96 13.5 17 0.519
185 18.5 14 0.323
96 13.5 17 0.351
120 14 18 0.437
185 13.5 17 0.455
96 14 18 0.488
120 18.5 14 0.501
185 14 18 0.593
96 18.5 14 0.629
120 13.5 17 0.642
Fig. 2. Scatter plots (a) effect of rotor speed, (b) effect of spall size, (c) effect of rotor unbalance, (d) effect of grease grade, (e) effect of number of rollers, and (f) effect of radial
load.
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[33,46–50].
4.2.4. Effect of base oil viscosity in grease on vibration amplitude
The base oil viscosity in grease (m) is varied from 96 mm2/s
(G1), 120 mm2/s (G2), and 185 mm2/s (G3), the values of the other
parameters which are kept constant are given as defect size
(D = 1.5), radial load (W = 2000 N), axial load (Fa = 750 N), shaft
speed (N = 1100 rpm), unbalance (Mu = 50 g), number of rollers
(Z = 17), radial clearance (rc = 13.5). Fig. 2(d) shows the scatter
plots of grease grade versus response characteristics. It is seen
from the graph that, the level of vibration decreases with the
increase in the base oil viscosity in the grease. Because, the
damping is provided by the grease and the level of damping
increase with increase in grease grade. Hence, it is appropriate
to have m term in the denominator of the p7 term as in the
model Eq. (13). These findings are in agreement with Ref.
[5,12,52–53].
4.2.5. Effect of number of rollers (Z) on vibration amplitude
The numbers of rollers are varied from 14 to 17 units. Here, we
tested with three different bearings designated as SKF 30305C
(Z = 14), SKF 30205J2/Q (Z = 17) and SKF 32205BJ2/Q (Z = 18). Thevalues of the other parameters which are kept constant are given
as defect size (D = 1.5), radial load (W = 2000 N), axial load
(Fa = 750 N), shaft speed (N = 1100 rpm), unbalance (Mu = 50 g),
grease grade (m = 120 mm2/s), Radial clearance (rc = 13.5 lm).
Fig. 2(e) shows the scatter plots of number of rollers versus
response characteristics. It is seen from the graph that, the level
of vibration decreases with the increase in the number of rollers
supporting the loads. Hence, it is appropriate to have Z in the
denominator of the p5 term as in the model Eq. (13). These findings
are in agreement with Ref. [12,51,54–55].4.2.6. Effect of radial load on vibration amplitude
The radial load is varied from 1000 N to 3000 N in the steps of
1000 N by using the hydraulic loading arrangement. The values
of the other parameters which are kept constant are given as defect
size (D = 1.5), axial load (Fa = 750 N), shaft speed (N = 1100 rpm),
unbalance (Mu = 50 g), grease grade (m = 120 mm2/s), number of
rollers (Z = 17), radial clearance (rc = 13.5 lm). Fig. 2(f) shows the
scatter plots of radial load versus response characteristics. It is seen
from the graph that, the level of vibration increases with the
increase in the radial load. Hence, it is appropriate to have W term
in the numerator of the p7 term as in the model Eq. (13). These
findings are in agreement with Ref. [4,12,20,36,38,41].
Table 7
Parameter setting for validation experiments.
Test D W N Mu m rc Z
1 1 2000 900 25 120 18.5 14
2 2 2000 1300 75 120 14 18
Table 8
Input parameters of the test bearings.
Parameters 32205BJ2/Q 30305C
Inner race diameter, mm 25 25
Outer race diameter, mm 52 62
Width, mm 19.25 18.25
Number of rollers 18 14
Contact angle, degrees 21.25 20
Pitch diameter, mm 37.98 43.5
Roller diameter, mm 6.5 8.2
Roller length, mm 14 12
Constant for contact deformation N/mm1.11 361290.5 315027.3
Fig. 3. Test bearings (a) 32205BJ2/Q (b) 30305C, and (c) defect creation using EDM.
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A theoretical model characterizing the damage level in roller
damaged bearings is developed. It is important to note that the
vibration response as defied by Eq. (13) depends only on 5 dimen-
sionless terms instead of the original 28 terms involved in the
problem which are systematically reduced by applying partial cor-
relation analysis of the problem using the matrix method of
dimensional analysis. A set of systematically planned experimental
data set listed in Table 5 has been used for obtaining the relation-
ship developed in Eq. (14) after conducting experiments on the
developed test setup shown in Fig. 1. The validation experiment
is a final step in verifying the conclusions from the previous round
of experimentation. In order to validate the results obtained from
Eq. (14), confirmation experiments were conducted for obtaining
the response characteristics in which a selected number of tests
are run under specified conditions as listed in Table 7.
The specifications of the test bearing for solution of the Eq. (14)
are taken from Table 8.
These bearings are damaged by inducing artificial spalls of dif-
ferent sizes to the rollers using electric discharge machining as
shown in Fig. 3(a)–(c). The characteristic vibration defect frequen-
cies of the test bearings are to be calculated using the expressions
as given in Table 9 [56].
The results of the validation experiments are listed in Table 10.
5.1. Validation test 1
For the validation test 1, the experimental set-up is fitted with
roller damaged 30305C taper roller bearing and the rotor shaft
speed was set to 900 rpm.
Fig. 4 shows the experimental spectrum obtained during this
test 1. The significant peak of 0.283 m/s2 is observed at the
487 Hz frequency which is nearly equal to the 6th harmonics of
the theoretical roller defect frequency of 76.94 Hz. This peak
amplitude value predicted by model Eq. (14) and the experimen-
tally observed one is nearly matching as listed in Table 10. The
other major significant peak in the spectrum as shown in the Fig-
ure ure4 is observed at the combinations of shaft frequency and
the fundamental train frequency. This major peaks is 15fs  4fFTF
which equal to the 200 Hz. Due to mass unbalance on the rotor,
a lower harmonics of shaft frequency is also visible in the spectrum
shown in Fig. 4 at 15 Hz.
Table 9
Expressions for defect frequencies.
Frequency components (Hz) Expression
fFTF f inner 1drd1 cosa
 
2
fVCF Z FTF
fRDF
f innerD1 1 drd1 cosa
 2 
dr
Table 10
Vibration amplitude for validation experiments.
Sr. no. Vibration amplitude m/s2
Eq. (14) Experiment
Test 1 0.305 0.283
Test 2 0.864 0.835
Fig. 4. Frequency spectrum for test 1.
Fig. 5. Frequency spectrum for test 2.
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For the validation test 2, the bearing 30305C was replaced by
32205BJ2/Q bearing. For the test 2, rotor speed was increased to
1300 rpm. Fig. 5 shows the experimental frequency spectrum
obtained from the housing of the test bearing on the test setup
shown in Fig. 1.
As it is observed from the spectrum, due to the increased rotor
speed, shaft unbalance and the level of roller damage, the peak
amplitude at the roller defect frequency has increased to a high
value as compared to test 1 as listed in Table 10. A significant peak
of 0.835 m/s2 is observed at the 365 Hz which is nearly equal to the
3rd harmonics of the theoretical roller defect frequency of
123.3 Hz. The other dominating peaks in the spectrum are at the
combinations of the shaft and the cage frequency which are
10fs  3fFTF and 15fs  6fFTF i.e. 189 Hz and 270 Hz respectively. A
lower harmonics of the rotor speed is also clearly observed in the
spectrum due to the unbalance on the rotor.6. Conclusions
A newmethodology based on dimensional analysis is applied to
model the roller damage and an in-situ empirical correlation
developed for the diagnostic of the level of damage by correlating
it with the vibration accelerations and other parameters of the
bearings. A good agreement observed between the theoretical
and predicted analytical values of the vibration accelerations of
the roller damaged bearings. The following important conclusions
are drawn after the numerical and experimental results:
i. With increase in level of damage on rollers, vibration accel-
eration values at a particular roller defect frequency signifi-
cantly increases. This increased value of vibration
acceleration is strong indication of the increased roller dam-
age rate.
ii. Along with the increased damage, the increase in rotor
speed, radial load, rotor unbalance etc. also increase the peak
vibration acceleration values at particularly roller defect
frequency.
iii. With increased number of rollers and use of grease with
high base oil viscosity reduces the vibration acceleration val-
ues to a good extent.
iv. Overall, the theoretical vibration acceleration values pre-
dicted by the developed model equation are observed to
be nearly closer to the experimentally obtained values.
Hence, the developed model can successfully be used as
the damage/wear diagnostic and quantification tool as here
the level of damage is directly correlated with the vibration
response characteristic.
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